Abstract. Calculations based on density functional theory with generalized gradient approximation for exchange and correlation potential show that N-doped ZnO thin films and nanowires are magnetic. In neutral state, a total moment of 1 µ B per N atom is introduced with 0.3-0.6 µ B from N 2p orbitals. The mechanism contributing to magnetism in N-doped ZnO systems, however, is different from that in conventional transition metal-doped ZnO. Here magnetism is due to the holes in N 2p states induced by the substitution of oxygen with nitrogen. The N atoms show no tendency for clustering either on the ZnO thin film surfaces or on the NW surfaces, but they prefer the surface sites over the bulk sites. This study provides physical insight into the origin of magnetism in the new magnetic materials with no magnetic elements.
Introduction
Nitrogen, the most abundant element in the atmosphere, has rich chemistry. It is an important element in bio-and electronic materials. On the other hand, ZnO is a wide-bandgap semiconductor with novel magnetic, piezoelectric, electro-optic and electromechanical properties. Using N-doping to modify the properties of ZnO renders ZnO with multifunctional characteristics. For example, nitrogen has been considered as a suitable acceptor for making p-type ZnO [1] - [17] that can greatly improve the performance of ZnO-based optoelectronic devices. Since the ionic radius of N (0.75 Å) is nearly same as that of O (0.73 Å), N-doping can be expected to eliminate self-compensation effect [1] - [3] , [5] arising from native defects such as oxygen vacancies and zinc interstitials. Thus, synthesis of N-doped p-type ZnO thin films has been hotly pursued: p-type ZnO films have been reported by using various deposition methods including molecular-beam epitaxy [2] - [4] , chemical vapor deposition [5] - [9] , sputtering [10] - [12] , pulse laser deposition [13, 14] , and thermal oxidation [15, 16] . In addition to the thin films, recently, high-quality ZnO nanowires (NWs) have been grown [17, 18] and well-aligned single-crystal p-type ZnO NW arrays were synthesized by using N 2 O as a dopant via vapor-liquid-solid growth [19] . Thus, N-doped ZnO represents an important class of nanoscale building blocks for miniaturized electronic and optical devices.
Recently N-doped ZnO was found to be magnetic even without the presence of any traditional magnetic elements. Yu et al [20] prepared N-doped ZnO thin films using pulsed laser deposition and observed ferromagnetic (FM) behavior. They proposed a mechanism based on the picture of a Zn 3d hole produced by the compensation of the dangling bonds of nitrogen ions. In contrast, a recent theoretical study [21] found that the local magnetic moments are mainly localized on the 2p orbitals of doped N atoms instead of the 3d orbitals of Zn sites [20] . We note that the theoretical calculations [21] were carried out only for N-doped ZnO bulk phase. Therefore, one may wonder whether the observed magnetism in thin films is from 3d holes of Zn or from 2p orbitals of N sites because magnetism, in general, is quite sensitive to the geometry and to the local bonding environment. This is because bond lengths and coordination numbers, which are important parameters in magnetism, are different for thin films and bulk phase. Theoretical works [22] - [24] carried out thus far to explain the formation mechanism of p-type ZnO through N-doping are also only related to the bulk phase. While numerous experiments have focused on N-doped ZnO thin films [1] - [16] , to the best of our knowledge, no theoretical work exists on N-doped ZnO thin films or NW systems. One of the reasons for this is the complicated surface reconstruction and the large supercells that are needed for modeling thin films with low doping concentration.
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In this study, we have performed a first-principles study of the magnetic properties of N-doped ZnO thin films and NWs. We address the following issues: how much energy is needed to replace an O with N in ZnO thin films although N has a similar atomic radius as O? How are the N dopants distributed? What is the mechanism for making p-type ZnO through N-doping? How is ferromagnetism induced due to N-doping? In addition, our calculations of N-doped ZnO NWs enable us to study the effect of geometry and dimensionality on magnetism.
Computational method
Our study is based on spin-polarized density functional theory (DFT) with generalized gradient approximation (GGA) for exchange and correlation. We used the supercell approach where ZnO thin films along the [1120] direction were modeled by (1 × 2) 9-layer and (2 × 2) 7-layer slab supercells having wurtzite structure. These contain a total of 36 and 56 formula units of ZnO, respectively. The central three layers of the slabs are kept frozen in their bulk positions, while the atoms on the top and bottom three (two) layers of the 9-layer (7-layer) slab were allowed to relax without any symmetry constraint. The surface layers of the top and bottom sides of the slabs were taken to be identical, which makes the thin film supercells central-symmetric. A vacuum region of 10 Å separated each slab from one another along the [1120] direction. The slabs extend to infinity along the [0001] and [1100] directions through periodic repetition of the supercell to mimic the large thin film surfaces in reality. A ZnO NW was generated from a (7 × 7 × 2) ZnO bulk supercell having wurtzite structure by removing zinc and oxygen atoms from the outside area of a concentric cylinder with diameter of about 11.00 Å along the [0001] direction [25] . The NW supercell contains a total of 48 ZnO formula units and has a vacuum space of about 13 Å along the [1010] and [0110] directions. The length of the NW extends to infinity along the [0001] direction through supercell repetition. Nitrogen atoms with varying concentration were substituted at different O sites in ZnO as it has been found that N incorporates predominantly substitutionally at O sites [3] .
The calculations of total energies, forces and optimization of geometries were carried out using a plane-wave basis set with the projector augmented plane wave (PAW) method [26] as implemented in the Vienna ab initio Simulation Package (VASP) [27] . The PW91 form [28] with the valence states 3d 10 4s 2 for Zn; 3p 3 4s 2 for N; 2s 2 2p 4 for O was used for the exchange and correlation potential. The cutoff energy was set at 420 eV for the plane-wave basis. For the (1 × 2) 9-layer slab supercell, we used (6 × 4 × 1) and (8 × 6 × 1) Monkhorst-Pack grid [29] , respectively, for the structure optimization and for total energy and charge density calculations. For the (2 × 2) 7-layer supercell, (5 × 5 × 1) and (7 × 7 × 1) k-point meshes were selected. However, for the NW supercell, we chose (1 × 1 × 6) and (1 × 1 × 8) Monkhorst-Pack grid, respectively, due to the large vacuum space along both the [1010] and [0110] directions. In all the calculations, self-consistency was achieved with a tolerance in the total energy of 10 −4 eV. Hellman-Feynman force components on each ion in the supercells were converged to 0.001 eV Å −1 . It was verified that the thickness of the slabs and the vacuum space are adequate to study the effects of surface [30, 31] . The [1120] surface reconstruction and the reliability of our calculations have been well established from our previous work [32, 33] The formation energy for N substitution (N O ) represents the energy cost for substituting an O atom with N in neutral state ZnO and is calculated by using the following formula [23, 25] : 
The range of ambient O from O-poor to O-rich is subject to the magnitude of the formation enthalpy of ZnO, H (ZnO). In thermodynamic equilibrium, H (ZnO) = µ O + µ Zn , which is calculated to be −3.42 eV, close to the experimental value of −3.6 eV [35] . In all calculations, the atomic coordinates of all the atoms (except for those in the central layers of the slabs, which were fixed in their bulk positions) were relaxed without any symmetry constraint, and all the calculations were carried out in the conditions of Zn-rich and N 2 being source gas to ensure effective N-doping.
We begin our discussions with the (1 × 2) 9-layer ZnO slab. To study the site preference of N we first replaced one O atom belonging to the surface, subsurface and bulk-like site with one N atom on the top half of the slab (see figure 1 (C 11 )-(C 13 )). The corresponding sites on the bottom half of the slab are also replaced to preserve symmetry. This led to a Zn 36 N 2 O 34 supercell with N-doping concentration of 5.56%. It was found that the surface site, configuration C 11 , is lower in energy than configurations C 12 and C 13 by 0.05 and 0.407 eV, respectively . The calculated results are given in table 1. The formation energy of N O is found to be 2.894 eV N −1 for configuration C 11 . The average Zn-N bond length is 1.911 Å and shows no significant change from that of the calculated surface Zn-O bond length (1.917 Å) without N. This is because of the similar sizes of O and N atoms. For configurations C 12 and C 13 , the formation energies are found to be 2.905 and 3.098 eV N −1 , which are 0.011 and 0.204 eV higher, respectively, than that in configuration C 11 , signifying that configurations C 11 and C 12 are nearly energetically degenerate. The Zn-N bond lengths are 1.941 and 1.978 Å for N at the subsurface and the bulklike sites, respectively. These indicate that formation of the N O on the surface and subsurface sites is easier than that in the bulk-like sites.
More interestingly, we note that the calculated total magnetic moments for all the configurations (C 11 -C 13 ) in N-doped ZnO are about 2.000 µ B (see table 1 ). This implies that replacing one O with one N induces a moment of 1.000 µ B . To further investigate the origin and distribution of this magnetic moment, we calculated the magnetic moment on each atom for these configurations. We found that the magnetic moments on N atoms are 0.628, 0.415 and 0.391 µ B in C 11 , C 12 and C 13 , respectively, and they mostly arise from the N 2p orbitals (0.611, 0.400 and 0.372 µ B ) with negligible contributions from N 2s (0.017, 0.015 and (in µ B ) resulting from the replacement of oxygen with nitrogen, and the average Zn-N bond length for the N-doped ZnO thin film configurations shown in figure 1 . However, due to the hybridizations between the N and the neighboring Zn and O atoms, the local moment is reduced dissimilarly depending on the site the N atom occupies. The different values of the local moments on different N sites are attributed to the different bonding environment. For instance, there are four Zn-N bonds when N atom occupies the subsurface or bulk-like sites, whereas there are only three Zn-N bonds when N atom is on the surface layer. Compared with the three-fold-coordinated surface sites, the four-fold-coordinated subsurface and bulk-like sites have reduced atomic moment on N sites due to enhanced orbital hybridization. To confirm that the calculated magnetic properties are not a consequence of the specific supercell construction or nitrogen concentration, we generated a larger (2 × 2) 7-layer supercell having [1120] surface orientation and containing a total of 112 ZnO atoms (Zn 56 O 56 ). We replaced one O atom with N on either side of the slab at different sites (configurations C 14 -C 16 in figure 1) leading to a N O concentration of 3.6%. We found that the energy corresponding to configuration C 14 is lower from those of C 15 and C 16 by 0.091 and 0.370 eV, respectively. This again indicates that N prefers the surface sites over the bulk-like sites. The N O formation energies are calculated to be 2.844, 2.898 and 3.031 eV, respectively, for configurations C 14 -C 16 . Once again, we note that the replacement of two O atoms with N introduces a total moment of 2.000 µ B in the surpercell for all the configurations irrespective of where N atoms reside. The local moments on N sites are found to be 0.633, 0.417 and 0.390 µ B for configurations C 14 -C 16 , respectively, and mainly come from the N 2p orbitals. The results are given in table 1. We see that the N O formation energies are slightly smaller than those in similar configurations in the 9-layer slab. Thus, we have verified that the site preference and the magnetic moment of N in N-doped ZnO thin films are not affected by supercell construction or N concentration.
In figures 2(a)-(d), we plot the electronic density of states (DOS) corresponding to the ground state configuration C 14 semi-conducting feature of ZnO thin films. When N atoms are incorporated into ZnO, new states are introduced above the VBM and the energy gap is reduced, suggesting that N-doping can improve electronic conductivity. The 2p orbitals of N are spin polarized (see figure 2(b) ), resulting in an asymmetric spin-up and spin-down DOS ( figure 2(a) ) and making the system magnetic. On the neighboring O sites, the O 2p orbitals are slightly polarized (see figure 2(c) ), but 3d orbitals of Zn are almost unchanged and make negligible contribution to the moment (see figure 2(d) ). Therefore the observed magnetism is primarily from N 2p orbitals.
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To further study the effect of the concentration and distribution of N O on the ferromagnetism, we replaced a pair of O atoms with N on either side of the (2 × 2) slab with different N-N distances. This corresponds to a N concentration of 7.14%. Three different configurations C 21 -C 23 as shown in figure 1 were studied. All configurations exhibit FM coupling, each with a total magnetic moment of about 4.000 µ B . The moments at the N site range from 0.406 to 0.553 µ B and are predominately contributed by N 2p orbitals. Configuration C 21 was found to be lower in energy than those of C 22 and C 23 by 0.021 and 0.036 eV, respectively. These can be regarded as energetically degenerate. Therefore, N O can be distributed homogeneously in the surface and subsurface layers of ZnO thin films. The formation energies of N O in these configurations are found to be a little bit larger than those for the configurations with lower N concentration (see table 1 ). Thus, we confirm that the calculated properties of N-doped ZnO are independent of the supercell size or the N-doping concentration.
We then studied the magnetic interaction between the two N atoms and the stability of the FM state versus antiferromagnetic (AFM) state. We calculated the total energies corresponding to both FM (
The N O ↑ and N O ↓ stand for spin-up and spin-down states, respectively, The preferred magnetic coupling is determined by comparing the energy difference between the FM and AFM states, namely, E
For the ground state configuration C 21 , it was found that the FM state is 82 meV lower in energy than the AFM state, which is sufficient to overcome thermal fluctuations to provide robust FM behavior. This is in agreement with experiment [18] . For the remaining two higher energy configurations C 22 and C 23 , the energy difference E mag is found to be 8 and 108 meV, respectively. Note the N-N distance in configuration C 22 is large, namely 5.890 Å and hence the magnetic coupling is weak. The spin density distribution for the FM ground state of C 21 is plotted in figure 3(a) , which clearly shows that most of the spin density in the N-doped ZnO thin film is located on N 2p orbitals with a small contribution from the neighboring O and Zn atoms. Thus, we confirmed the local magnetic moments primarily arise from the N 2p orbitals instead of Zn 3d orbitals. The charge density distribution of the two N atoms in the surface layer is given in figure 3(b) . We see an overlap between charge densities on Zn and N sites, which drives the coupling to be FM.
We finally extended our investigation of ZnO thin films to ZnO NWs and study the effect of geometry and dimensionality on the electronic and magnetic properties of N-doped ZnO as one can expect that the larger surface to volume ratio and curvature of the NW surface may enhance its magnetic properties. We constructed a NW supercell of Zn 48 O 48 . To study the dependence of energetics, distribution of the dopants, and magnetic coupling as a function of dopant concentration we have investigated twelve different configurations, as shown in figure 4 . Configurations NW 11 -NW 13 correspond to replacing one O atom with N at the surface, subsurface and bulk-like sites of the NW surpercell. Configurations NW 21 -NW 25 represent the replacements of two O atoms by N at the surface sites with the closest distance (NW 21 ) and with the furthest separation distance (NW 22 ) , one N at surface site and another one at subsurface site (NW 23 ), one at surface site and another at interior site (NW 24 ), and two N atoms at interior bulk-like sites with the closest distance (NW 25 We note that N atom energetically prefers the surface and subsurface sites over the interior sites and the N O formation energies of configurations NW 11 and NW 12 are lower than that for NW 13 by 0.305 and 0.214 eV N −1 , respectively. When two N atoms are substitutionally introduced to the NW, the formation energy of N O is found to be insensitive to the dopant [16] , [19, 20] the concentration of N O is lower than 6.25%. Thus, clustering should not play a role in observed magnetism in N-doped ZnO systems. We found that the electronic structure of the N-doped ZnO NW shares some resemblance with that of the thin film surface as the total DOS and partial DOS of N, Zn and O around Fermi level are quite similar to each other. Of further note, the NW is magnetic with total magnetic moment of 1.000, 2.000 and 3.000 µ B , respectively, when one, two and three O atoms are, respectively, replaced with N. For the surface shell sites, the N atoms carry a magnetic moment of about 0.510-0.575 µ B , while in bulk-like sites or subsurface shell sites, the moment is reduced to 0.308-0.420 µ B . Figures 5(a) and (b) show the calculated spin density distributions and charge density distributions for configuration NW 21 , respectively. The large spatial extension of the N 2p spin states and the interaction between the N atoms and their neighboring atoms can be clearly seen in these two figures.
Summary
In summary, extensive calculations were carried out to understand the magnetic properties of N-doped ZnO thin films and NWs in neutral state. We show that N atoms prefer to occupy the surface sites. The substitution of oxygen by nitrogen leads to local magnetic moments with each N introducing a magnetic moment of 1.0 µ B . The moments on the N sites range between 0.308 and 0.633 µ B , depending upon the sites they occupy. The local magnetic moments mainly arise from the N 2p orbitals instead of Zn 3d orbitals, and couple ferromagnetically with each other. The origin of magnetism from N 2p orbitals has its roots in the atomic properties of nitrogen. N 2− has one electron less than O 2− , and the N 2p states have lower binding energy than O 2p states, forming a relatively narrow impurity band with one hole per N. The resulting holes in N 2p orbitals lead to the spin moments and make the systems magnetic. The induced magnetism is found to be stronger than that in the bulk phase [21] due to the reduced coordination in the surface of thin films and NWs. Our results are in agreement with recently observed magnetism in N-doped ZnO thin films [20] . The magnetism induced by N-doping opens a possible path to a new class of magnetic semiconductors whose properties are solely determined by the interactions between the holes in N 2p orbitals. Because N is an essential component of proteins, nucleic acids, vitamins and hormones that make life possible, and ZnO is biocompatible, N-doped ZnO may have interesting applications in biotechnology.
